Purpose The Almadén mining district has suffered long-term extraction activity, and this has left significant areas of decommissioned mining liabilities. Nowadays, the uncontrolled runoff and related erosion and transport of trace metal-enriched soils and sediments affect the whole freshwater ecosystem. The goal of this study was to distinguish geogenic from mining-related sources of trace metals in freshwater sediments, to understand their dispersion in the watershed, and, finally, to evaluate the potential environmental implications for future corrective plans. Materials and methods Freshwater surface sediment samples were collected from ten points along the main streams of the watershed (nine inside the mining district and one control point outside the district). Sediments were air dried and analyzed by different standard methods for pH, total major and trace element concentrations, total organic carbon, and grain size. In addition to the determination of the enrichment factor, a multi-statistical approach was applied involving discriminant analysis, Student's t test, and Mann-Whitney U analysis. Results and discussion Sediments inside the district contained high levels of major and trace elements with respect to the control point. The predominance of fine fractions in these sediment samples appears to be one of the most important factors that affects trace metal concentrations. Among the trace elements, not only Hg but also As, Pb, and Zn are discriminative geochemical markers, thus allowing the identification of the different mining sources and their individual or combined impact throughout the district. Furthermore, the high enrichment factors obtained for As, Hg, Pb, and Zn with respect to the local background values highlight the persistent and severe impact from the decommissioned mines on the freshwater surficial sediments and their potential geoavailable risk for aquatic organisms. Conclusions The geochemistry of freshwater sediments alone demonstrates that different contamination sources are recognizable within the mining district and these can be related to the specific decommissioned mines. In addition, the discrete sources can be clearly distinguished on the basis of the statistical analysis of the geochemical data. Despite the closure of the mines, stream sediments are still the main repository of trace metals within the district, and they are therefore a potential threat to the freshwater ecosystem.
Introduction
Contamination of watersheds with trace metals is a matter of environmental concern worldwide. There are numerous sources of these metals, but they can often be linked to industrial activity, mining, agriculture, or a combination thereof (Zhao et al. 2013; Hashmi et al. 2013; Li et al. 2014) . In historical mining areas, metals have been dissipated into the environment for centuries (Eckel et al. 2002; Wilson et al. 2004; Delgado et al. 2011; Covelli et al. 2012) although the maximum inputs generally occurred from the mid-nineteenth century to the present day (De Vleeschouwer et al. 2007; Telford et al. 2009 ). Numerous studies have been carried out on the long-term environmental impact of metal storage in, and conveyance through, mined and industrial watersheds (Gosar et al. 1997; Bi et al. 2006; Foulds et al. 2014; Lecce and Pavlowsky 2014; Resongles et al. 2014) . In mining districts, large quantities of tailings and wastes still contain high concentrations of trace metals due to inefficient extraction and smelting activities. Mobilization of trace metals from these tailings and wastes due to complex biological, geochemical, and physical processes, including erosion, hydrolysis and oxidation of sulfide minerals (Audry et al. 2005; Moncur et al. 2005 ) and weathering of secondary phases (Hammarstrom et al. 2005) , induces serious environmental threats. Once trace metals have been released into drainage systems, they can disperse over hundreds of kilometers in both particulate and dissolved forms (Salomons 1995; Chen et al. 2007; Covelli et al. 2012) , thus impacting the aquatic environment, which concerns water and sediment quality, and affecting aquatic biota and eventually the health of human beings. Although extraction activities have ceased in many mining areas, in some cases decades ago, mining residues stored in floodplain and channel sediments still act as long-term sources of trace metal contamination downstream, since single flood events can readily remobilize and convey contaminated material downstream (Förstner 2003; Foulds et al. 2014) . Such events have the potential to affect agricultural areas.
The present study was focused on the Valdeazogues (Bmercury valley^is the literal translation from Spanish) River, which flows within the Almadén mercury mining district and receives significant inputs from several cinnabar (HgS, the main ore of this element) mines present in the area (Hernández et al. 1999) . In addition to these Hg-rich inputs, the river also receives Pb-Zn and related metal(oid)-rich lixiviates from a number of minor ore deposits of these elements within the district.
The aim of this study was to identify the geogenic/ geochemical sources of the aforementioned elements in the freshwater sediments belonging to the drainage basins that are adversely affected by the presence of several types of decommissioned mines. Other aims were to gain knowledge on the spatial dispersion of potentially harmful elements and to evaluate the importance of their concentrations with respect to the geochemical background of the area. Finally, the potential environmental implications were assessed in order to acquire the necessary information for any future corrective action plans to mitigate the impact in the watershed of the mining district.
Materials and methods

Study area
The Almadén mining district is located in South Central Spain, and it is the largest Hg mining district in the world, with a historic production totaling about one third of the total Hg used by humankind since the Roman times to the present day (Hernández et al. 1999) . From a geological point of view, the rocks that crop out in Almadén are mainly siliciclastic. The ore deposits are hosted by Paleozoic (meta)detritic rocks with a significant volume of interbedded magmatic rocks to form a tectonic structure, the Almadén syncline (Hernández et al. 1999; . The geology of the district encompasses a series of Hg ore deposits that have in common a simple mineralogy dominated by cinnabar (HgS) and pyrite (FeS 2 ) as a minor component. Together with the formation of Hg mineral deposits, other ore-forming events occurred in the area and these produced small polymetallic deposits related with hydrothermal fillings, which have been exploited to a lesser extent than the Hg deposits, and Pb-Zn is the most representative of these deposits (Rytuba et al. 1988; Palero 1991; Palero and Lorenzo 2009) .
Extensive Hg mining and metallurgical activity has been carried out over centuries, along with other minor mining activities involving Pb, Zn, and, less importantly, Ag recovery. This activity has led to significant Hg inputs in the different environmental compartments of the district (Gray et al. 2004; Higueras et al. 2006 Millán et al. 2006 Millán et al. , 2014 Dago et al. 2014 , among others) as well as the input of base metals and related contaminants (Higueras et al. 2011) . The different inputs from the abandoned mining installations and spoil heaps are believed to have produced adverse effects in ecosystems in proximity to the mining areas over long periods. The Valdeazogues River has been affected by considerable alterations, not only related to natural surface waters but also due to leachate flowing from the mined areas into the fluvial ecosystem (Berzas Nevado et al. 2003; García-Ordiales et al. 2016b) .
On a general scale, the Valdeazogues watershed covers a surface of 1213 km 2 with a main channel that flows 84.3 km to the confluence with the Guadalmez River. The area covered by this study is a sector of the Valdeazogues basin, which includes the main river along with its tributaries, namely the Alcudia, Tamujar, Gargantiel, and Azogado rivers (Fig. 1) , within the boundaries of the Almadén mining district. The rivers flow through the district over impermeable materials (mainly composed of shales that make up the valleys, whereas quartzite rocks constitute the higher altitudes or Bsierras^). The river flow is slow due to the low average gradient of the streams (1 %). The hydrological conditions in the district are mainly affected by the seasonal variability of rain, which is controlled by the semiarid climate of the area. The area usually suffers from long periods of drought, when water flow tends to zero due to the lack of groundwater inputs. Consequently, the streams become dry, and water accumulations in deep riverbed points (water Btables^) are formed, whereas during rainy periods, floods lead to a large concentration of suspended sediments. Flood events transport downstream large amounts of suspended sediments, and these are deposited far from their source, thus resulting in significant dispersion of contaminants and potential degradation of the aquatic environment (GarciaOrdiales 2016a).
Sample collection and physico-chemical analysis
Surface sediment samples (about 15 cm of the surface layer) were collected in different times along the period 2011-2013, at the center of the channel with a metallic shovel from ten points: nine of them in the area of the Valdeazogues watershed inside the Almadén mining district and one control point outside the district (Fig. 1) . In order to avoid cross contamination, the shovel was cleaned before each sampling to remove residues from the previous sampling point by rinsing with freshwater. The samples were transferred into disposable zip bags, transported to the laboratory, and stored in a refrigerator at 4°C prior to analysis.
Samples were air-dried (20-25°C) to prevent loss of volatile elements such as Hg. Dry samples were sieved through a 2-mm sieve to remove the gravel fraction. For grain size analysis, aliquots of the <2 mm fraction were treated for 48 h with Fig. 1 Overview of the study area and freshwater surficial sediment sampling points hydrogen peroxide (H 2 O 2 ) to remove excess organic matter and then analyzed using a FRITSCH ® ANALYSETTE 22 MicroTec Plus laser granulometer. The remaining material was ground to a fine powder (<125 μm) on a planetary agate ball mill, and the sample was homogenized. The pH values of the samples were measured according to the ISO 10390:1994 method (ISO 1994) on a 1:5 (v/v) suspension in DDI water and a 1:5 (v/v) KCl suspension using a Crison MM41 pH meter. The total carbon content in the samples was analyzed with a Shimadzu TOC-V CSH. The carbon analysis was performed according to the EPA 415.3 method (Potter and Wimsatt 2012) , which was involved in the addition of phosphoric acid to the samples followed by combustion at 700°C. Manufacturing-certified test materials (glucose and sodium bicarbonate) were analyzed together with test samples in order to validate the results and the methodology according to the manufacturer's instructions.
Total Hg content in sediments was directly determined by thermal decomposition and atomic absorption spectroscopy (AAS) with gold amalgamation (LECO®, model AMA-254). Samples were analyzed according to the methodology proposed by Costley et al. (2000) . The accuracy of the analysis was tested using Certified Reference Materials (CRMs) such as PACS-2 (Hg 3.04 ± 0.25 mg kg −1 ), CRM026-050 (Hg 2.42 ± 0.32 mg kg − 1 ), and CRM042-056 (Hg 46.7 ± 8.09 mg kg −1 ). The recovery percentages for these materials were in the range 93-109 %, and the calculated relative standard deviation (RSD) in % for three replicates of each sample was less than 10 %. For the remaining selected elements (Al, As, Ca, Co, Cu, Fe, Hg, K, Mg, Mn, Na, Ni, P, Pb, and Zn) which are related to the decommissioned mine activities, sediment samples were acid digested and analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES) and inductively coupled plasma atomic mass spectroscopy (ICP-MS) at the Bureau Veritas Laboratory (Vancouver, Canada). Samples were analyzed in batch, and the accuracy of the elemental determination was verified by using the CRM042-056 and other internal standards by the lab. Recovery percentages of the different elements were in the range 82-111 %, and the RSD was less than 7 %.
3 Results and discussion
Sources and spatial distribution
From the point of view of grain size (Fig. 2) , silt is the main sedimentary component of the studied sediments, although the mean quantity of silt inside the district samples exceeds the corresponding mean outside the district. The majority (84 %) of the surface samples, which represent recently deposited sediments, contain a quantity of silt that is greater than the corresponding level at the control point. This grain size variance is indicative of enrichment from the decommissioned mining areas, which have supplied a supplementary quantity of fine particles as a result of weathering and erosion of the mining rocks. This situation has produced poorly sorted and immature sediments distributed by the torrential flow regime of the river. The descriptive statistics for surface samples are summarized in Table S1 of the Electronic Supplementary Material. In general terms, pH values were only slightly acidic (6.61 ± 0.14), both inside (6.63 ± 0.13) and outside the district (6.51 ± 0.14), despite the mining activity carried out in the area. This finding shows the high buffering capacity of the natural environment due to the presence of easily leachable basic minerals, mainly carbonates (Higueras et al. 2000a (Higueras et al. ,b, 2013 in the lithotypes, and the predominance of ions (OH − versus H + ) in the soils of the region (Díaz 2013). Comparison of the pH values measured in H 2 O (6.61 ± 0.14), and KCl (5.78 ± 0.09), shows that the latter had, on average, values one unit lower than the corresponding values measured in water. This suggests potential exchange reactivity in the presence of ions that may favor fluxes of ions from sediments to waters (Sumner 1994). Total organic carbon (TOC) concentrations for the samples taken from the district exceeded the mean concentration at the control point (2.9 ± 0.8 versus 1.6 ± 0.2). Mining restoration carried out in the area has brought significant amounts of nutrients from the clean soil used in the restoration process. As a consequence, an increase in the bioavailability of nutrients for the aquatic organisms and related sedimentary debris has occurred. Thus, in eutrophic environments-such as those in the district's rivers during drought periods-the amount of organic matter deposited exceeds the assimilative capacity of the sediments, which, in turn, leads to low oxygen concentrations, or anoxia, in bottom areas. This process has an influence on the biodiversity of the ecosystem. It was observed that, in general, the sediments from anoxic areas contain larger amounts of organic matter as a consequence of increased productivity, which could lead to oxygen depletion (Tipping et al. 1997; Siepak 1999) . In addition, together with the aforementioned source of TOC, another factor that may govern the enrichment of the TOC inside the district is the higher percentage of fine sedimentary fractions with respect to the control point. This behavior could be explained by the capacity of fine particles to prevent oxygen diffusion in sediments, thereby preserving the organic matter and the adsorption of organic particles on the surface of the mineral clays. In addition, these environmental conditions (US EPA 1997) may favor undesirable biotransformation processes mediated by microbial activity, such as mercury methylation (Gray et al. 2004) , which is able to increase the trace metal toxicity and to affect the aquatic trophic chain.
The mean concentrations of major elements (Al, Ca, Fe, Mg, Na, K, P, and S) in the samples inside the district are significantly higher than the contents at the control point outside the district (Table S2 , Electronic Supplementary Material). Among the major elements, the mean contents of sulfur are higher by up to 376 % as compared to the control point contents, followed by enrichments in Na (162 %), P (71 %), Ca (69 %), Mg (45 %), Fe (32 %), K (26 %), and Al (13 %). Sulfur is a key element in the Hg ore deposits throughout the district, with cinnabar (HgS) being the main ore mineral, whereas it is a rare element in the remaining lithological materials ). This evidence further supports the proposal that the high amounts of S detected in the sediments come from the decommissioned mining areas as a consequence of the weathering of the mining residues. Besides, together with S contents, the mean Fe values suggest mobilization of this element, probably involving easily leachable minerals (very probably pyrite, FeS 2 ) from these sites as a result of the waste material grain size. Conversely, Na, P, Ca, Mg, K, and Al enrichments are not clearly related to the mine sites. The natural origin of these elements comes from the different volcano-sedimentary lithologic materials in which the main rocks (slates, quartzite, and other mafic and ultramafic volcanic rocks) are enriched to different degrees with these elements (Sainz de Baranda and Lunar 1989; Palero 1991; Higueras et al. 1999 . However, the significant enrichment within the district, chiefly in the Al, Ca, and Mg contents, suggests that there are sources from which these elements can be easily mobilized to the sediments, and as a consequence, we believe that the mine liabilities may play an important role in this mobilization.
The contents of trace elements clearly indicate that river sediments inside the district are metal-enriched (Fig. 4) . All of the elements analyzed have mean values that are higher than those from the control point. Of particular concern are the results for Hg, As, Pb, and Zn, which have mean enrichment values of up to 100 %. Mercury was the main element exploited in the area for more than 2000 years, and it has therefore been widely dispersed in the district area and has produced severe anomalies in all the environmental compartments. The other elements, namely As, Pb, and Zn, are not directly related to Hg mining activities but are associated with other disperse polymetallic deposits where the most notable mined materials were Pb and Zn minerals. In these deposits, in addition to Pb-Zn minerals, As is a secondary element present in the form of arsenopyrite and other arseniates which are associated with sulfur minerals in the ore deposits (Sainz de Baranda 1989; Puche 1989; Palero 1991) .
Taking into consideration the main goal of this study, i.e., whether the enrichment of the elements inside the district allows the related sources to be identified, a discriminant analysis was carried out. This statistical approach has proven to be a powerful tool to investigate environmental samples and to classify them into groups using comprehensive datasets in areas impacted by mining activities (Pettit-Domínguez et al. 2008; Loredo et al. 2010; García et al. 2011 ). The initial dataset has then been reduced to only nine variables to satisfy the dimensional criteria n = 7k, being the selected variables clay, Al, As, Fe, Hg, Pb, S, TOC, and Zn. These variables have been selected according to their potential role in sediment fixation mechanisms and by their anthropogenic origin according to the previous paragraphs and the geology of the ore deposits in the area. The results of this analysis are represented graphically in Fig. 3 .
Factors F1 and F2 together explain 79.3 % of the total variance of the analyzed dataset, and according to Spellman and Whiting (2013) , both factors are sufficient to a proper interpretation of the data. In Fig. 5 , function F1 explains 63.6 % of the total variance, whereas F2 represents 15.7 %. On analyzing each factor (Fig. 3a) , the most significant coefficients included in F1 are Hg, TOC, and S contents, whereas F2 comprises Al, Pb, and Zn.
The aforementioned elements that affect the discriminant factor F1 are related to mercury mining activities, whereas F2 is associated with other types of polymetallic mining activities and with lithogenic materials. Five different groups can be distinguished in Fig. 3b . The first group includes samples G-1, V-5, and Az-2, which were collected from sites located downstream from the main Hg mines of the district. These sites are discriminated by trace element sediment concentrations related to the lithology of these ore deposits, where mercury is the most abundant trace element and the other factors are related to geochemical processes involving Hg fixation in the sedimentary matrix. A second group is only represented by site A-1. This site is marked by its geochemical concentration in sediments related to the intense Pb-Zn extraction activity carried out in its basin (Saínz de Baranda 1988; . Sites V-1 and Az-1 are clustered in the third group, and both sites are located in the downstream sector of the district. In this case, sediment samples are affected by the mixing of different sources. On one hand, both points are downstream to the large mercury mine in the district, the Almadén mine, and as a consequence, the geochemistry of the sediments shows similar abundances of key elements to the first group discussed above, especially the site Az-1. On the other hand, several small Pb-Zn mines are located near to this area, and their inputs into the stream due to runoff allow these points to be distinguished from the first and the second groups of points discussed above. The fourth group includes the remaining samples collected inside the district but distant from the main mining sites. These points belong to a homogenous group in which the geochemistry of the samples is influenced to a similar extent by Hg contents, although they have lower contents than the points clustered in the first group. This evidence highlights the fact that, in the flow direction, the influence of Hg mining on the sediment geochemistry decreases since the lithological inputs dilutes the concentrations of key mining elements in the samples. This is apparent by observing Fig. 3b where, considering the sequence of the sites, the factor F2 trend is more important than factor F1 according to the water flow direction. Finally, the last group totally represented by the control point which remains isolated in the cluster analysis since the sediment geochemistry in this sample is not direct affected by mining activity.
Environmental implications
The mean and standard deviations for the samples by sampling site are shown in Table S2 (Electronic Supplementary Material) along with the results of the Student's t test or MannWhitney U statistical analyses for each sampling site within the district. Data for the control point are also included. Furthermore, in order to aid interpretation of the results, dispersion maps of major and trace elements in the district are provided in Figs. 4 and 5. The enrichment factor (EF) was calculated according to Eq. 1, reported by Müller (1979) , where Al was chosen as a grain-size proxy element to normalize metal concentrations according to previous studies carried out in the area (García-Ordiales et al. 2014) .
Statistical analysis shows that the mean concentrations of As, Hg, Mn, Pb, S, and Zn at all of the points are significantly higher (p = 0.05) than the corresponding values for the control point-TOC and Mg in eight out of the nine points and Ca, Cu, and Fe in seven pointswhereas the rest of the elements and parameters measured show less marked discrepancies with respect to the control point. A comparison of these groups on the basis of the computed EF (Table S3 , Electronic Supplementary Material) shows that the former elements can be attributed to the decommissioned mine sites through inputs of terrigenous materials that consist of minerals such as cinnabar, arsenopyrite, sphalerite, galena, etc., which are commonly present in the district ore deposits (Puche 1989) , and/or sulfate salt precipitates derived from lixiviation of the minerals. This evidence underlines the high dispersion of potentially toxic elements in this aquatic ecosystem and emphasizes the potential risk associated with these concentrations. Several elements in this group are recognized as contaminants that may significantly affect organisms that live in these areas. Mercury and arsenic are among the most enriched elements, and the mean concentration of mercury (100 ± 78 μg g −1 ) is higher than the severe effect level (SEL = 2 μg g −1 ) reported for this element by the US National Oceanographic and Atmospheric Administration (Buchman 2008) . There is particular concern about the abundance of Hg in the area not only due to its wide dispersion but also due to its well-known ability to bioaccumulate and biomagnify in the aquatic food chain (Adriano 2001; Skordas et al. 2014) . Previous studies have already focused on this element (see Fig. 6 ). A comparison of the reported mercury levels shows that in the period between the 1970s and the 1990s, concentrations decreased rapidly as a consequence of the decline in production and the shutdown of several mines in the district. From the 1990s to the present day, the results of previous research and those from the present study demonstrate that Hg concentrations have remained stable, a finding that suggests a constant load of this element and, as a consequence, a potential toxic legacy that will take a long time to disappear. The mean concentrations are close to the probable effect level (PEL = 17 μg g −1 ), except for samples V-5 and G-1, where the mean values were higher. The rest of the elements, i.e., Mn, Pb, and Zn, displayed different levels of enrichment, and these values were lower than the previous ones but higher than the lowest effect level, except for Pb at points V-1 and Az-1, where contents were higher than the PEL (91.3 μg g −1 ) due to the local direct influence of several decommissioned Pb-Zn-Cu mines located close to the sampling points.
The other elements, such as Ca, Cu, Fe, and Mg, are present at significantly different levels with respect to the control point, and they do not show significant enrichment or dispersion within the district. This evidence suggests that the contents of these elements vary depending on the lithological characteristics of the area. The levels of these elements should therefore not represent a potential risk for the aquatic ) for Almadén mining district sediments in 1974 -1977 (Hildebrand et al. 1980 ), 1995 -1997 (Berzas Nevado et al. 2003 (Berzas Nevado et al. 2009 -2013 environment despite them being higher than the LEL, since the contents are essentially due to the natural regional geochemical background.
Conclusions
The geochemistry of the freshwater sediments of the Almadén mining district shows the existence of different sources of contamination, attributed to the decommissioned mines that can be clearly distinguished based on the geochemical data and investigated through a statistical approach. Furthermore, this investigation showed that mercury is not the only contaminant present in the district; other potentially harmful elements such as Pb, Zn, and As were present at significant concentrations, and these were attributed to anthropogenic sources. The evidence presented here provides preliminary information on the contamination status of the investigated trace metals in the sediments. In fact, single concentration values alone do not explain the real impact on this aquatic environment of each element that is potentially related to mining activity. The choice of a control point outside the district as a suitable local background, the application of statistical analysis, and the calculated EF index have proven to be useful for a preliminary assessment of the quality of the freshwater sediments. Mercury appears to be the main dispersed and enriched element, with levels that pose a potential risk for aquatic lifeespecially in the areas close to the decommissioned Hg mines. In association with Hg, the elements As and Pb, attributed to different decommissioned mines, actually represent significant contamination as a result of long-term human activity in the area. These elements, together with Hg, are of particular concern for the local environment, since favorable biogeochemical conditions at the streams may facilitate different processes such as methylation and, as a consequence, allow rapid transfer to the food chain, thus increasing the potential biological effects on edible aquatic organisms. Further investigations are recommended to assess the toxicity levels of the freshwater sediments and also to evaluate the possible biological effects of these potentially harmful elements on aquatic organisms and plants.
